Complementary DNA (cDNA) of citrus tristeza virus (CTV) RNA, synthesized using calf thymus DNA random primers, was converted to a double-stranded form and inserted into the PstI site of the Escherichia coli pBR322 plasmid by the G-C tailing method. Bacterial clones harbouring virus-specific sequences were detected by colony hybridization with a 32p-labelled viral RNA probe. Hybridization patterns of denatured virus RNA revealed the presence of three types of specific clones: those hybridizing with a distinct narrow band corresponding to the full-length virus RNA, those hybridizing with a broader band of virus RNA sequences, and those hybridizing with several distinct virus-related RNA bands. Similar patterns were obtained when these clones were hybridized to purified double-stranded RNA from CTV-infected plants. None of these cDNA clones hybridized with similarly treated preparations extracted from healthy plants. The origin of variation among the CTV clones is discussed.
INTRODUCTION
Citrus tristeza virus (CTV), which causes a serious disease of citrus plants, is a member of the closterovirus group (Bar-Joseph et al., 1979a) , the virus particles being 2000 nm long and 10 to 12 nm wide (Kitajima et al., 1964; Bar-Joseph et al., 1970; Garnsey et al., 1977) . Recently, an improved procedure for purification of intact non-fixed CTV particles was developed (Gumpfet al., 1981) . Using purified CTV preparations, a homogeneous single-stranded RNA with an estimated molecular weight of 6.5 x 106 to 7.0 × 106 was isolated (Gumpf et al., 1981) . The products of cell-free translation in a reticulocyte lysate system (Nagel et al., 1982) indicate that CTV RNA has messenger activity and carries information for at least four polypeptides with estimated molecular weights of 26K, 33K, 50K and 65K respectively. The 50K polypeptide is a major product and the 26K polypeptide is the capsid protein. Analysis of the double-stranded (ds) RNA replicative forms from CTV-infected hosts (Dodds & Bar-Joseph, 1983) indicated the presence of a 13.3 x 106 mol. wt. molecule. In addition, several species of dsRNA with molecular weights less than that expected for the replicative form (RF) were consistently found upon electrophoresis. Numerous CTV strains have been isolated which are recognized mainly on the basis of variations in their biological properties, differing considerably in their pathogenic effects. However, little if any serological difference was found among these strains (Gonsalves et al., 1978; Bar-Joseph et al., 1979 b) . More detailed studies on strain differentiation at the molecular level have been hampered because of low yields of purified virus particles. This has shown the need to develop molecular probes specific to CTV. In this work we describe the cloning of double-stranded DNA complementary to various regions of the CTV genomic RNA.
METHODS

Purification of virus and extraction of viral RNA.
VT, a seedling yellows strain of CTV was purified from bark of Ethrog (Citrus medica L.) and Alemow (C. macrophylla W.) seedlings (Bar-Joseph et al., 1970) . The virus suspension was loaded (8 ml/tube) on a step gradient (Gumpfet at., 1981) prepared by layering 1 ml each of0-15, 22 .5 and 30% (w/w) Cs2SO, dissolved in 0.04 M-sodium phosphate pH 8.2, containing 10% (w/w) sucrose. Tubes were centrifuged in a Beckman SW41 rotor for 2-5 h at 38500 rev/min at 8 °C. The virus band, located immediately below a green zone, was collected using a peristaltic pump, diluted 1:5 in 50 mM-Tris HC1 pH 7.5, and the virus particles were precipitated by centrifugation at 42000 rev/min for 2 h in a Beckman 50Ti rotor. The virus pellet was resuspended in 200 ~tl 50 mM-Tri~HC1 pH 7.5, and SDS was added to a final concentration of 0.50/0 . The solution was heated to 50 °C for 5 min and RNA was extracted twice with an equal volume of phenol/chloroform (1:1) and precipitated with 2.5 vol. ethanol at -20 °C.
Isolation ofdsRNA. Frozen bark tissue from graft-inoculated Egyptian lime (C. aurantifolia S.) seedlings was ground to powder in liquid N2 with a mortar and pestle. The nucleic acids were extracted from the powdered tissue with phenol and the dsRNA was isolated by chromatography on CF-I 1 (Whatman) columns (Morris & Dodds, 1979; Dodds & Bar-Joseph, t983; Bar-Joseph et al., 1983) .
Electrophoresis of RNA and blotting. Fractionation of RNA in a denaturing agarose gel by electrophoresis and the transfer of RNA bands onto nitrocellulose were carried out as detailed by Fellous et al. (1982) .
Preparation of recombinant plasmids containing CTV DNA sequences. Single-stranded DNA complementary to CTV RNA was synthesized using calf thymus DNA random primers (Taylor et al., 1976) with avian myeloblastosis virus (AMV) reverse transcriptase (obtained from Dr J. Beard, Life Sciences, St Petersburg, Fla., U.S.A.). Double-stranded cDNA was prepared by a procedure in which single-stranded cDNA was not purified prior to second strand synthesis (Ginzburg et al., 1980) . The second DNA strand was synthesized with DNA polymerase I followed by $1 nuclease treatment (Wickens et al., 1978) , The dsDNA and PstI-cut pBR322 plasmid were tailed by terminal transferase homopolymer addition of poly(dC) and poly(dG) respectively, and annealed. E. coli MM294 cells were transformed with the DNA mixture (Ginzburg et al., 1980) , and cells harbouring plasmids were selected on tetracycline-containing plates.
Selection of clones containing inserts complementary to CTV RNA. Bacterial clones resistant to tetracycline but sensitive to ampicillin were grown in microtitre plates in LB medium. Replicas were transferred to nitrocellulose and their DNA was denatured as described by Ginzburg et al. (1980) . Colonies harbouring recombinant plasmids containing CTV sequences were detected by hybridizing the filters to each of the following probes: (i) 32p-labelled cDNA prepared using virus RNA as template (Ginzburg et al., 1980) ; (ii) virus RNA, 32p-labelled with [y32p]ATP using polynucleotide kinase (Maizels, 1976; ; and (iii) virus RNA further purified by electrophoresis in 1% agarose gel and the part of the gel containing the high molecular weight distinct virus band, as visualized under u.v, illumination of ethidium bromide-stained RNA, was cut out. The RNA was electroeluted from the gel and labelled with [y-3zp]ATP (as in ii). Hybridization conditions were as described by Ginzburg et aL (1980) . Large scale preparation of recombinant plasmid from the E. coli cells was carried out as described previously (Ginzburg et aL, 1980) . Restriction endonucleases PstI, EcoRI and HindIII were obtained from New England Biolabs and reaction conditions were according to the manufacturers" instructions.
RESULTS
Construction and identification of recombinant plasmid clones containing CTV cDNA sequences
As CTV RNA is of a large size, i.e. molecular weight of 6.5 × 106 to 7 × 106, a library of clones representing the whole genome was prepared. The concentration of calf thymus DNA required for optimal priming ofcDNA synthesis was measured by adding increasing amounts of calf thymus DNA to a standard reaction mixture containing labelled [32p]dATP and the other three unlabelled nucleotides. Maximal incorporation was observed at a calf thymus DNA concentration of 360 ~tg/ml; this concentration was used in further cloning experiments. Above 400 ~tg/ml there was inhibition of the reaction which was attributed to masking of the template RNA. cDNA was synthesized with CTV RNA as template, converted into the double-stranded form, and treated with $1 nuclease, resulting in dsDNA molecules of about 600 nucleotides long. Some larger molecules of up to 1000 base pairs (bp) were also observed. The double-stranded molecules were tailed with poly(dC) and inserted into the PstI site of pBR322 plasmid tailed with poly(dG). The recombinant plasmids were introduced into E. coli cells by transformation, as described in Methods. Over 600 tetracycline-resistant, ampicillin-sensitive bacterial clones were isolated. Colonies harbouring viral cDNA sequences were detected by hybridization with the three 32p-labelled probes described in Methods.
Hybridization with all three probes gave similar results: most of the clones that positively hybridized with the purified virus probe also hybridized with the two other probes. Several colonies which strongly hybridized with all three probes were chosen for further analysis. Sizing of DNA inserts in the bacterial plasmids In order to determine the size of the inserted viral c D N A sequences, purified plasmid D N A preparations from CTV-VT clones were cut with restriction endonuclease PstI and subjected to electrophoresis on a 1.1 ~ agarose gel (Fig. 1) . The inserts were estimated to be 250 to 900 bp long (see Fig. 1 , plasmids B12 and E8), in comparison with size markers. An unusually large insert of about 2.3 kbp was also observed in clone DI. Three selected clones, A3, D7 and B 1 were also analysed by restriction cleavage with EcoRI and HindlII endonuclease, and found to be different in their partial restriction maps (not shown).
Hybridization of labelled plasmid DNA to a blot of fractionated viral RNA
The cloned viral c D N A sequences were further hybridized with the genomic R N A of CTV. Viral R N A fractionated on a 1.1 ~ agarose formamide/formaldehyde denaturing gel (Fig. 2) was transferred onto nitrocellulose filters and hybridized with nick-translated plasmids as described by Fellous et al. (1982) . Three typical patterns of hybridization were observed: clones A3 and D1 hybridized only with a high molecular weight narrow virus band (see arrow); clone BI hybridized with a somewhat broader band, including the high molecular weight one; clones D7 and E8 hybridized with the high molecular weight R N A band as well as with several distinct faster migrating bands. None of the clones hybridized with preparations from healthy plants which were purified similarly (Fig. 2, lanes H) . 
Analysis of dsRNA in CTV-infected plants
The three types of virus clone were used to analyse dsRNA species extracted from CTVinfected Egyptian lime seedlings. The dsRNA was purified from plants and fractionated on both denaturing (Fig. 3a) and non-denaturing (Fig. 3b) agarose gels. The fractionated RNA preparations were transferred to nitrocellulose sheets and hybridized with the above labelled plasmids. The A3 clone that was shown to be unique for the high molecular weight viral band (Fig. 3a, lane A3-V) , hybridized with the dsRNA molecule equal in size to the denatured viral RNA (Fig. 3a, lane A3-ds) . The D7 clone which was found to hybridize with a heterogeneous family of virus-related RNA molecules (Fig. 3a , lane D7-V) also hybridized with a heterogeneous population of dsRNA species (Fig. 3a, lane D7-ds) . It should be noted, however, that not all the distinct bands observed in the dsRNA lane (Fig. 3 a, lane D7-ds) coincide with those observed in the viral single-strand RNA preparation (Fig. 3a, lane D7-V) . The BI clone hybridized with a broad band in both the viral (Fig. 3a , lane BI-V) and dsRNA (Fig. 3a, lane Bl-ds) preparations (better seen upon longer autoradiographic exposures). None of the clones hybridized with dsRNA prepared from uninfected plants as a control (Fig. 3a, lanes H) . The hybridization patterns of the A3 and D7 probes with blots of non-denaturing dsRNA gels (Fig.  3 b) were similar to the denaturing one. The A3 clone hybridized only with the high molecular weight RF ofCTV (mol. wt. 13.3 x 106) (Fig. 3b, lane A3-ds) , whereas the D7 clone hybridized with the RF as well as with several smaller segments (Fig. 3 b, the dsRNA fractions obtained from CTV-infected plants by Dodds & Bar-Joseph (1983) . The difference in mobility of the major dsRNA band, relative to that of the viral band in denaturing and non-denaturing gels, is due to strand separation leading to reduction in the apparent molecular weight of the dsRNA molecules under denaturing conditions.
DISCUSSION
The aim of the present work was to obtain eDNA probes containing sequences homologous to various regions of the CTV genome. The synthesis of DNA complementary to several plant RNA viruses has already been reported (e.g. Gonda & Symons, 1978) . cDNA has been used to study the homology between virus strains (Palukaitis & Symons, 1980; Van de Valle & Siegel, 1982) , between satellites (Gould et al., 1978; Mossop & Francki, 1979; Kiefer et al., 1982) , between RNA species of multi-component viruses (Talianski et al., 1979) , for the elucidation of genome structure and replication modes Bar-Joseph et al., 1983) , for the diagnosis of virus infection (Kummert, 1980; Maule et al., 1983) , and for sequencing Meshi et al., 1982) .
CTV is a single, plus-stranded RNA virus of unusually large size (Bar-Joseph et al., 1979a; Dodds & Bar-Joseph, 1983; Gumpf et al., 1981; Nagel et al., 1982) . The recently developed procedure (Gumpf et al., 1981) for purifying virus particles enabled us to obtain virus RNA suitable for cloning and we have obtained a selection of eDNA clones. Two main groups of cloned virus sequences were obtained: one category hybridized exclusively to the full-length virus RNA while the other hybridized to full-length virus RNA and also to several distinct RNA species of smaller sizes. It is possible that the smaller hybridizing RNAs are subgenomic species, although their possible origin by specific breakage cannot be excluded; the particles of beet yellows virus, another closterovirus, appear to break at specific places (Bar-Joseph & Hull, 1974) .
A distinct high molecular weight band and several smaller distinct dsRNA molecules have A. ROSNER, I. GINZBURG AND M. BAR-JOSEPH been detected in extracts of CTV-infected plants (Dodds & Bar-Joseph, 1983) . It is possible that some CTV dsRNAs correspond to virus RNA bands seen upon hybridization with the D7 cDNA clone (Fig. 3) -Joseph et al., 1979a) . The availability of a molecular probe for CTV is expected to have practical application in diagnosing CTV strains by rapid biochemical tests, and it will enable elucidation of the molecular structure and diversity of the virus.
